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THE PHENOMENON OF HOT-SALT
STRESS-CORROSION CRACKING
OF TITANIUM ALLOYS

INTRODUCTION

Many diverse problems require solution in order to develop a
supersonic transport (SST) with the desired characteristics of maximum
range and useful payload. Of primary importance is the selection of
materials for the air frame and skin. Very few materials can meet the
severe requirements for SST service. For example, at Mach 3 portions
of the frame and skin may reach 550 F or possibly higher. Aluminum loses
strength rapidly at considerably lower temperatures, so that candidate
metals are limited to titanium alloys, high-strength steels, and super
alloys. Of these metals, only titanium alloys possess a favorable
strength-to-weight ratio, making them prime candidates for the air frame.

In addition, titanium alloys evince excellent corrosion resis-
tance to a wide variety of environments. For example, it is well estab-
lished that tensile-stressed titanium alloys at ambient temperatures are
completely immune to stress-corrosion cracking in marine and other chlor-
ide containing atmospheres which may cause rapid failure of aluminum
alloys, stainless steels, and high-strength, low-alloy steels. On the
other hand, titanium alloys have been observed to crack in the laboratory
at temperatures of 600 F or higher when the surface under tension is con-
taminated with dry salt. This type of failure, which has been identified
as a form of stress-corrosion cfacking, also has been observed during the
fabrication of salt-contaminated titanium alloys at temperatures up to
1300 F. |

Although titanium alloys possess a number of properties
which make them very attractive for the U. S. version of the super-

sonic transport (SST), some concern has been expressed that the laboratory



phenomenon of hot-salt cracking may be a limiting factor in the utility

of this metal in the SST. In view of this, Battelle was requested to

survey the problem and prepare a state-of-the-art report.

This report presents an impartial critical review of present

information to support and define wherever possible the limitations of

titanium with regard to the phenomenon of hot-salt stress~corrosion crack-

ing. The report includes:

(1) A discussion of the factors and current state of knowledge

(2)

(3)

of stress-corrosion cracking of titanium alloys by hot salt,
and the mechanism of attack as presently envisioned in

relation to the service conditions anticipated for the SST.
A discussion of the various laboratory procedures now being

used for the evaluation of susceptibility., Comments are

also made on whether or not a standardized procedure suggests
itself at this time.

Identification is made of some of the saps in the present
state of knowledge on the hot-salt problem and recommenda-

tions are made for research programs to fill in these gaps.




STRESS-CORROSION CRACKING OF TITANIUN ALLOYS

Commercially pure titanium has not been found to fail by stress-
corrosion cracking, UNor do the common test solutions, such as chlorides
and caustics, which rapidly crack aluminum, stainless steels, carbon steels,
and other common materials of construction, have any effect on titanium
alloys., However, titanium alloys will stress-corrosion crack at ambient
temperatures under certain specific conditions. Cracking has been encoun-
tered in red fuming nitric acid and in hydrochloric acid. Further study
shows that only if the right combination of stress, metallurgical history,
and environmental factors is present will cracks initiate and propagate.

Perhaps of greater interest to the present discussion is the
stress-corrosion cracking associated with the vapor degreasing of titanium
alloys. There is evidence that the residue from chlorinated hydrocarbon
solvents contains hydrochloric acid. When susceptible titanium alloy parts
are degreased in a solvent such as trichloroethylene, then heated and sub-
jected to tensile stresses, cracks may develop leading to failure of the
parts. This phenomenon has been observed in fabrication and proof-testing
operations,

There may be a relationship between the stress cracking of hot
titanium caused by chloride residue from chlorinated solvents and the

cracking experienced in the presence of salt.

History of Hot-Salt Cracking of Titanium Allovs

Although the presence of salt as a factor was not recognized at

~ first, the loss of properties that result when the surface is contaminated
was observed in samples of titanium alloy undergoing creep testing. G. W.
Bower, late in 1955, reported surface cracking of the Ti-6A1-4V alloy dur-

L

ing creep exposure at 700 F and at about 50,000 to 60,000 psi siress. The
cracking at that time was attributed to surface embrittlement induced by
oxidation, Among others, TICA and Rem-Cru Laboratories could at first not

repeat the failure. Later, THCA reported encountering the same phenomenon



on the testing of a Ti-Al-llo-V experimental alloy at high stress and at

850 F. Duplicate tests did not give the same results. A close examina-
tion of the fractures of the embrittled specimens revealed local attack
originating at the surface. These sites apparently cracked during the
exposure at elevated temperature and high stress. In certain instances the
cracks were associated with a mottled gray surface oxide in the pattern of
fingerprints. It was suggested that some ingredient in human perspiration
might be associated with the cracking. Testing of specimens in contact with
pure sodium chloride produced cracking. Cracking was apparent later as a
result of a type of stress corrosion involving elevated temperatures, high
stress, and sodium chloride. Investigators at Pratt and Whitney, IIT Re-
search Foundation, the titanium producers' laboratories, Battelle, etc.,
confirmed these results independently.

At about this same time, cracking was observed on some hot-formed
sheet materials. These cracks appeared to be associated with the use of
temperature-indicat ing compounds, Later these compounds were found to con-
tain chloride salts. The use of chloride-free marking materials greatly
reduced cracking.

In those early days the Pratt and Vhitney Aircraft Laboratory
studied in detail the factors in the stress_corrosion cracking of titanium,
Their early summary is published in TIML Report 88 of the Titanium Metallur-
gical Laboratory (now called Defense Metals Information Center at Battelle),
Pratt and Vhitney subjected heavily salted discs and blade assemblies of
the J-57 engine to elevated-temperature bend tests, using various air flow
velocities. These tests approached the type of compressor salt e:xposures
anticipated in service operation. Temperature and stress levels, however,
were above those used in current production engines, Titanium discs in
Pratt and Whitney engines in service are designed to operate at a maximum
temperature of 750 F. The maximum diametrical growth in creep is limited
to 1/10 of 1 per cent., High-velocity aircraft experience on discs has in-
dicated that the stresses which produce creep extensions up to 1/10 of 1
per cent at temperatures up to §00 F do not cause stress-corrosion cracking

in the presence of salt in service.




Early workers recognized that since temperatures as high as 600 F
are possible on the leading edges of the e:posed titanium structural mem-
bers of the Mach 3 supersonic transport, the problem of hot-salt stress-

corrosion cracking would be important.

Fabrication Experience

Convair has studied the problem of susceptibility to stress-
corrosion cracking during shop processing. A comparison was made of
Ti-7A1-12Cr and Ti-5A1-5Zr-5Sn with Ti-8Al-1lio-1V,

Tests were conducted at 1300 F since this temperature was se-
lected as typical of what may be required in a hot forming or a hot sizing
operation, Distilled water containing either 100, 200, 400, 500, or 1000
parts sodium chloride was applied to the titanium surface. Samples were
stressed by bending specimens 0,032 x 1 in.x 12 in into a hoop having a
2-1/2 in,radiusg and restrained in this position with stainless steel wire,
Exposure times were 1/2 hour at 1300 F,

All three alloys were found susceptible to hot cracking from
intergranular corrosion caused by salt deposits or by the residues from
the experimental rinse waters containing as little as 100 ppm NaCl. Salt
concentrations of the order of 400 ppm are found invthe tap water available
in San Diego,

All three alloys in the program were found to be susceptible to
hot-salt stress-corrosion cracking during shop forming. Convair maintains
constant vigilance in order to be certain that parts are free of chlorides
before any heating operations such as hot forming, hot sizing, stress
relieving, or welded assembly. For example, all parts are hand cleaned
after chemical etching and then handled with white gloves. All tools for
hot sizing are steam cleaned to remove forming lubricants and sand blasted
and cleaned with alcohol and coated with molybdenum disulfide lubricant.
By purposely avoiding all salt during fabrication no trouble has been ex-

perienced.



The Ti-8Al-lifo-1V alloy is found to be very susceptible to hot-
salt cracking under the conditions encountered in fabrication shopse. The
only factor in this situation that can be eliminated and still make assem~
bled aivcrafit structures is the salt.

In both Pratt and Whitney shops and in their subconiractor shops
a continuous survey is made to eliminate procedures involving the danger
of surface embrittlement through interstitial absorption. 8alt is not the
'only source of cracking, Larly experience in fabricating titanium shows
that brittle surface layers were produced when the material was heated in
air at elevated temperatures. This oxygen enrichment produces multiple
surface cracking when the material is deformed as in bending.

The bend tests were found to be the most rapid and economical
means ior detecting this adverse condition. The maximum e:xposure time
for heating titanium in air ranges from seconds to hours depending on
whether the temperature is up in the range of 1600 F or down as low as
1000 ¥, There is a definite difference in alloys and their susceptibility

to surface embrittlement through interstitial absorption.

Jet Engine Experience

Pratt and Whitney Aircraft has had more and earlier experience
with titanium than any other firme In 1952 they tested their first
titanium compressor rotor and in 1954 the first J-57 engine containiag
titanium components was put into service. For several years the J-57
engine program consumed over 50 per cent of the United States production
of titanium, Several thousand J-57 engines containing 10 to 15 per cent
titanium have served in a variety of aircraft. The more recent and more
powerful Pratt and Whitney J-75 engine has accumulated more than six
million houré of flight time in commercial and military aircraft. Table
1, which is extracted from the Pratt and Whitncy report, shows the large
percentage of titanium used in the jet engine and the long periods be-

tveen overhaul (up to 4000 hours).
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Pratt and Whitney chose titanium alloys for the fan and com-
pressor blading to take full advantage of corrosion and oxidation resis-
tance, low density, high fatigue strength, high creep strength, and an
extremely tough ductile metal structure, The highest compressor service
temperature that they have reached with titanium alloys thus far is about
750 F, Experience has borne out the decision to use titanium alloys.
Pratt and Whitney have experienced no hot salt fatigue or hot-salt stress-
corrosion cracking failures in service on any of their titanium alloy com-
pressors or other titanium parts of the jet engines, Stresses on these
titanium components, on the other hand, are believed to be lower than
would be used in structural design. However, considering the long time in
service, and the temperature range involved, it would be expected that
some failures would have been reported by this time if there were a prob-
lem in this type of service.

Based on their laboratory experience with Ti-8Al-1llio-1V alloy
they believe this material could be used with safety at 500 or 550 F,

Compressor discs designed for service above 500 F usually are
limited by creep strength, A typical criterion is the stress required to
produce 1/10 of 1 per cent plastic deformation at 150 hours. DMNow that the
vange of temperature in the compressor is being extended, the creep prop-
erties of the Ti-GAl-4V alloy are being compared with the higher strength
Ti-8A1-1lilo-1V and Ti-5A1-5Zr-5Sn alloys., Information is needed on the
relative order of resistance of these three alloys to hot-salt stress-
corrosion cracking.

General Electric also has had years of experience in the jet
engine development program. An engine identified as the J79-8 is supplied
for the McDonnell Aircraft F-4B. This is a two-engine supersonic plane,
The Ti-6A1-4V alloy is used in the compressor section for the vheels. The
blades are made of Type 403 stainless steel. There are 17 stages. In
Stages 1 through 7 the maximum temperature of 570 F is expected. This
aircraft sees extensive service on the decks of, and in flight over, air-
craft carriers for the Navy,

General Electric also uses an alloy referred to as B5F5, which

is a modified 4350 chrome-molybdenum-vanadium alloy steel. Minor corrosion




pitting has been observed on the wheels or discs made of this alloy. This

is attributed to the marine salt picked up in service. The maximum temper-
ature reached on steels is 1050 F at a peak stress of 70,000 psi., The stress
levels on the blades are low, probably less than 20,000 psi.

At some of the sites in the compressor the air circulation is
negligible. In other words, the environmental condition is not too dif-
ferent, apparently, from a sample in a creep furnace. In spite of this,
there have been no failures in service of any kind, according to discus-
sions at General Electric.

In another engine, the J93, Ti-7Aly4Mo alloy is used for blades,
vanes, discs, and rings in the compressor. Ti-5A1-2,5Sn also is used for
some components. Temperatures range from 500 to 600 F and stress levels
can be 80,000 to 85,000 psi or very close to the yield. The maximum tem-
perature for 3.2 Mach operation would be 900 F with peaks as high as 1015 F.

There are no special handling precautions in assembling the ti-
tanium compressor for the J93., Purple tints showing oxidation are found
after exposure, Often fingermarks are outlined by the oxidation pattern.
The vane received hot compressor air for anti-icing control at roughly
900 Fo The velocity is of the order of 1000 feet per second. No failures
have been reported up to the present for this alloy under these severe con-
ditions.

It should be pointed out, however, that the J93 has been operated
only at G.E.'s Evandale, Ohio plant and at Palmdale, California, although

some salt could be contained in the desert soil,

Airframe Experience

Some titanium is incorporated into the airframe of most of to-
day's high performance aircraft used by the military, As far as can be
ascertained, none of these parts has ever failed because of hot-salt stress-
corrosion cracking. On the other hand, the indications are that with the
possible exception of the new A-11 (built by Lockheed), these titanium com-

ponents are not subjected during flight to the critical combination of



stress and temperature known to initiate cracking in the laboratory., TFor
example, it is believed that few, if any, of the titanium airframe compo-~
nents are subjected to temperatures above about 425 F. Furthermore, opera;-
ing stress levels of such parts are quite low, about 15,000 to 20,000 psi
maximum. In addition, exposure times at maximum temperatures and stress
levels are of short duration,

On the basis of the information available it would appear that
performance data for titanium components im existing airframes may not be
directly applicable to the SST. However, the fact that no hot-salt fail-
ures have been reported is encouraging, It is also expected that perfor-
mance of titanium in the A-11 airframe will be more closely related to

that anticipated for the SST,

Laboratory Creep Testing

Most of the experimental data on the hot salt stress-corrosion
cracking problem has been developed using creep testing facilities. For
studying such variables as time, temperature, and stress, creep testing
facilities can be readily adapted to the problem. In some laboratories
other variables have been introduced, such as the effect of (a) cyclic
exposures, (b) variations in the composition of the salt and methods of
applying it, (c) metallurgy of the titanium alloy, and (d) coatings to
mitigate the attack,

Information was made available from Douglas Aircraft giving the
results of a titanium alloy stress-corrosion study which was subcontracted
to investigators at McDonnell Aircraft. A final report is aboui to be is-
sueds This experimental work made use of creep furnaces vhich were run at
temperatures somewhat higher (600, 700, 800 F) than the range of major
interest to the SST structural program (400 - 550 F). While it 1is difficult
to predict 36,000-hour life in service from the 100-hour data developed in
the McDonnell Laboratory, a few interesting results can be mentioned.

Douglas and McDonnell, under their test conditions, established

that titanium alloy samples first exposed to sea air on the E1 Segundo

10




Beach were just as susceptible to hot-salt cracking in a creep furnace as
samples that were coated with synthetic sea salt in the laboratory.

In the temperature range of 600, 700, and 800 F, it can be con-
cluded from the stress-corrosion test results that the Ti-6A1-4V alloy under
tensile stress rapidly loses its load-carrying ability as a result of the
salt application as compared with the corresponding creep strength for un-
contaminated samples. Similar loss of properties is found for Ti-8Al-1Mo-1V,
Ti-4A1-3Mo-1V, Ti-5A1-2,5Sn, and 5A1-1,25Fe-2,75Cr (RS140) alloys.

One aspect of the problem of hot-salt stress-corrosion cracking
is the difficulty of establishing when the test specimen has, for all prac-
tical purposes, lost its load-carrying ability,

A technique developed at Langley Field has led to considerable
information for the Ti-8Al-1lfo-1V and for three other structural alloys,.

A specially designed bend sample is employed. At frequent time intervals
a few salted and stressed samples are removed from the creep furnace and
checked for damage. Thus, a continuous record is available of the deteri-
oration of the given alloy.

By making use of large numbers of specimens and carrying out the
tests for long periods of the order of 3000 to 8000 hours, results of value
to the SST program have been obtained.,

A summary of their data is given in Figure 1., Note that the Ti-
4A1-3Mo~1V alloy at 100 ksi and the Ti-6A1-4V alloy at 50 ksi showed no
loss of strength for the entire period on test., The Langley Field results
clearly demonstrate differences in the susceptibility of various alloys to
stress-corrosion cracking by hot salt.

Work in progress at North American Aviation, Los Angeles, is
developing long-time results for titanium alloys. Dead weight cantilever-
type samples are being exposed at 650 F. One set of salt-coated samples
is continuously exposed at temperature in the circulating air furnace,
another set is given a cycle in which the samples are exposed alternately
to two weeks in the furnace at temperature, and then to two weeks in a
tropical humidity chamber at 100 F,

For a time interval of 13,240 hours and for the conditions of

(a) no salt, (b) salt coated, and (c) salt plus cycle, the following

11
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results were obtained,

NAA Test Results at 13,240 hours at 5650 F

Allovy No Salt¥* Salt* Salt Plus Cycle**
Ti-6A1-4V No Failure No Failure No Failure
Ti-8A1-1Mo-1V No Failure 2 Failuras No Failure

* 5 gamples

#% 4 samples

It is important to note that the time at temperature for the
samples being cyclically exposed 1s only half that for the samples held
continuously at temperature. This may be a factor in explaining why none
of the four samples in each set in the salt-plus-cycle condition has
faileds These tests are being continued,

In considering the fact that a study of stress-corrosion crack-
ing of titanium alloys must be made on the basis of a statistical approach,
it would be desirable to greatly increase the number of samples undergoing
cantilever salt testing at NAA, Variations in exposure, such as the use
of a cycle, are very important. It may be that the time in the humidity
cabinet could be reduced to one day, thus allowing more time at tempera-
ture. The use of higher stresses at lower temperature also would be of

interest to the SST program,

Other laboratory Investigations

At Renton, Washington, Boeing Aircraft has an interesting experi-
mental arrangement for the study of stress-corrosion cracking. The sample
is exposed to a cycle which consists of immersion in 3-1/2 per cent salt

solution, heating to 550 F and then air cooled.
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The choice of 550 F for the high-temperature portion of the exposure and
the provision of a cycle make this experimental arrangement of consider-
able interest to the SST program. It is understood that Boeing's 'in-
house” program will be expanded to allow for the study of a number of
variables,

Some preliminary resulis for Ti-8Al-1l{o-1V were provided by
Boeing showing (a) exposure to 40 ksi at 500, 550, and 600 F for 1000
hours, and (b) cyclic exposure at 87 ksi for 1000 hours. This latter

cycle was as follows:

15 min 70 - 550 F
35 min 550 F
10 min 550 - 70 F

A 3.5% NaCl solution is used to immerse the sample at room temperature,
Stresses are set at 50, 75, and 90 per cent of yield, The Ti-8Al-lilo~-1V
alloy is being used with the duplex annealing treatment.

At 40 ksi and a temperature of 500 F no failure was observed
at 2625 hours, as shown in Table 2, At 550 F one sample failed in less
than 1000 hours and the other showed serious loss of properties at 1000

hours.

Research on the Mechanism

Materials Research Laboratory has been studying the fundamental
mechanism of the salt stress corrosion of Ti-6Al-4V, Their apparatus makes
it possible to provide a controlled atmosphere ne:xt to the Ti-6Al-4V anode,
which is the couple member under stress. At the cathode, air at normal
pressure is provided, A dry-salt bridge completes the electrochemical
circuit between the two electrodes. They propose to observe crack length
for different controlled pressures at the anode up to atmospheric, Cell
current also will be measureds By this procedure they plan to obtain

evidence on the fundamental species which follow grain boundaries under

1h




TABLE 2, Ti-8Al-1lilo- IV(a) CORROSION TESTING SALT SLURRY
AND CONSTANT STRESS (40,000 psi)

Elongation,
per cent
Ftu Fty in 2"
T =500 F; t = 1000 hr 152,6 139.2 12.5
153.5 138.2 13.5
T =500 F; t = 2625 hr 154.5 138.2 13.0
155.0 138.7 12,5
T =550 F; t = 1000 hr(b) 113,0 90.8 10,0
T = 600 F; t = 1000 hr 56.1 -- 0.4
66.7 - 0.5
Pre-exposure data 143,0 132.0 14.0

(a) All material from Heat Ho. D3457 TMCA,
(b) C©Cne specimen failed in less than 1000 hr.

TABLE 3. Ti-8Al-1ilo-1V DUPLEX ANWEAL 3,5% WaCl SOLUTIOCN
CYCLIC TEMPERATURE (1000 hours at 87 ksi)

Ftu Fty Elongation in 2"
Pre-exposure 143,0 132.0 147,
Post-exposure 154.0 138.4 12%

The program in progress at Boeing is employing the fol-
lowing cycle:

10 min Room to 550 F

150 min 550 F

10 min 550 F to room temperature
10 min at room temperature

15



stress, If the attack is caused by chloride ions in a relatively non-
volatile compound, air pressure should have little effect. On the other
hand, if a volatile chloride is involved, the reaction should be sensitive

to the ambient pressure at the anode,

DISCUSSION OF THE PHENOMENON AND MECHANISMS OF HOT-
SALT STRESS-CORROSION CRACKING OF TITANIUM ALLOYS

Nature of Attack

The examples of hot-salt cracking of titanium discussed in pub-
lished reports or during visits to the various laboratories engaged in
researching the problem show the attack to be predominantly intergranular
in nature., This is not surprising, since the chemical activity of the
titanium alloy grain boundary should be affected by boundary disorder and
the disordering effects of stress and deformation. In addition, if there
is segregation or absorption of solute atoms or interstitials at grain
boundaries this also would affect grain boundary activity., For many alloy
systems selective attgck of grain boundaries can be initiated in a given

environment in the absence of applied and/or residual tensile stresses,

Consideration of Other Alloy Svystems
Exhibiting Intergranular Cracking

It is of interest to consider the environment-alloy combinations
that lead to intergranular failure of tensile-stressed samples. One of
the oldest to be identified is the season cracking of brass in ammoniacal
atmospheres. Pure copper is immune to cracking under similar conditions.

Aluminum alloys suffer intergranular stress-corrosion cracking
in chloride solutions. In this case it has been found that the cracking
occurs as the result of the formation of intermetallic compounds, or zones
around the compounds, which are highly anodic to the body of the surround-

ing grains.
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Under specific conditions caustics will cause intergranular
cracking of nickel-base alloys, carbon steel, and copper-base alloys.

Some low alloy and carbon steels also e:xhibit intergranular failures in
nitrate and chloride solutions.

Intergranular embrittlement of aluminum-, titanium-, gallium-,
iron-, and copper-base alloy systems by mercury, cadmium, zinc, gallium,
and other low-melting-point metals is well documented. In each case
cracking occurs in the presence of tensile stress only if the embrittling
agent is in the molten form.

It has been found that HaCl and other halide salts will cause
intergranular attack and/or cracking of austenitic stainless steels and
some nickel- and cobalt-base super alloys., In the case of the stainless
steels, stress is not found to be a factor, and the mechanism of the attack
is believed that of accelerated preferential oxidation of grain-boundary
carbides, Attack of the super alloys only occurs at high temperatures well
above the melting point of NaCl.

In each of the alloy systems previously discussed, stress-corrosion
cracking occurs only in the presence of a liquid or gas. No instance of
stress~-corrosion cracking has ever been recognized as such when thc environ-
ment was completely solid,

From these facts and experiences it is logical to expect that a
liquid or gas phase needs to be present in order to account for the hot-
salt cracking of titanium alloys. 1In the study of possible reactions
an effort has been made to find chemical reactions which could lead to
a liquid phase at temperatures of the order of 550 F or higher and a

solid phase below this temperature,

. . . %*
Thermodynamic Considerations

Thermodynamic considerations were used to postulate chemical

reactions which may be involved in the hot-salt stress-corrosion cracking

* Dr, James J, Ward of the Battelle staff assisted the authors in
developing the concepts presented here.
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of titanium alloys. 1In this work it is realized that thermodynamics
gives no information on the rate of corrosion or on the path followed in
the actual corrosion reaction. The value of the thermodynamic approach
is that any postulated corrosion mechanism must have initial and final
states as well as intermediate steps that are in agreement with thermo-
dynamic principles, In the preparation of this section, the work of
Crucible Steel, ITT Research Institute, and others was reviewed.

Basic data for the thermodynamic considerations are given in
Table 4, From the data in Table 4, the standard free energy of reac-
tions of interest were calculated and are given in Table 5. These re-
actions are helpful in speculating on corrosion mechanism and on the
varicus stages in the observed attack.

Reaction 1 in Table 5 gives the primary corrosion reaction, The
reaction product NaZO can in turn react with water vapor to form molten
NaOH as listed in Reaction 1l. Reactions 2 and 3 also show the possibil-
ity of forming liquid sodium., The molten NaOH could be expected to dis-
solve NaCl and possibly TiCl2 to give a liquid system at temperatures
even lower than about 600 F, It can be envisioned that chloride ions
could be transported by the molten NaCH thus allowing the corrosion
within crevices by this mechanism to continue, Molten caustic itself
is very corrosive to titanium whether chlorides are present or not, If
the caustic were formed only near the anode, as might be expected, it
could account for attack above 600 F,

Reactions G and 7 of Table 5 indicate the formation of a gase-~
ous TiOCl2 from TiCl2 and 02. This reaction would leave Na,O0 as the only
solid reaction product. If a pas is responsible for the intergranular
attack, the attack would be expected to decrease as the air movement over
the sample was increased, and there is some evidence that this may be so.
On the other hand, if gaseous reaction products are necessary for crack-
ing, then just heating a salt-titanium mixture could be expected to crack
a titanium sample not in contact with the salt, but this is not the case.

Reactions 4 and 5 predict that TiCl, rather than a higher chlor-
ide is the thermodynamically stable chloride., The formation of Ticla gas
in Reaction 5 may be regarded as a disproportionation of TiCl, in Reaction
24
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TABIE 4, STANDARD FREE ENERGY OF FORMATION OF SOIE COMPOUNDS OF IWTEREST
I STRESS-CORROSION CRACKING OF TITANIUM ALLOYS
JAY Ff°, kcal/gmole
Temperature
400 X 500 K 600 K 700 K
Compound 260 F 440 F 620 F 800 F
l.. Naci(s)‘P -89.522 -87.262 -84.998 -82.765
2. Na,0(s) -86,620 ~83,098 -79.578 -76.072
3. Na202(s) -101.800 '96.40 "91.10 -85.90
4o NaOH(s) or (1)$?)  -86.498(s) -83.122(s) -79.857(1) -76.725(1)
5. NaAl0O,(s) -2524454 -247,122 ~241,79 -236.481
6e Na,Ti03(s) -348,480 -342,290 -334.900 -328,640
7. Ticlz (5) - 108. 238 —1040 653 “101. 125 "97. 646
8. TiO,(s) -207.780 -203,399 -199,063 -194.765
9. TiClz(s) -150,321 -145,115 -140,004 -134,979
10, T1c14(g)(3) -170,712(1) -167.589(z) ~164.633 -161,750
11, Ti0Cl,(g) -127,015 -126.158 -125.,295 ~1244,425
12, 0,(g) 0 0 0 0
13. 03(3) +40,601 442,272 +434940 +45,605
14, H,0(g) -53,517 -52,359 ~51,155 ~49,912
(1) s = solid
(2) 1 = liquid
(3) g =gas
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The thermodynamic driving force of ozone instead of oxygen is
shown to be very much greater in the corrosion reaction. This conclu-
sion may be reached by comparing Reactions 8, 10, and 13 with Reactions
1 and 9. This is of interest because at 75,000 feet, the SST would be
expected to cruise in a rarified air containing a higher percentage of

ozone as compared with low altitudes. *

Role of Oxygen

It is believed by some investigators that in order for hot-
salt cracking of titanium to occur some oxygen must be present, The
oxygen may be either in the gaseous form or supplied by a reducible
oxide. There is considerable evidence of the need for oxygen. For
example, in the case of stainless steels it has been found that the
higher the concentration of oxygen in the cracking environment the lower
the stress levels necessary to initiate cracking, and the shorter the
time to initial cracking. These observations, however, do not necessar-
ily indicate that cracking cannot occur in the complete absence of oxygen.

It also should be remembered that even if it can be established
that titanium will not crack in the absence of oxygen the exclusion of
oxygen from the surface of the SST would not be a practical solution to

the problem,

Role of VWater Vapor

The effect of moisture either as water of hydration in the
salt or as vapor in the atmosphere has not been thoroughly investigated
in relation to the occurrence of cracking. In considering the role of
moisture in titanium corrosion reactions it could be predicted that
moisture might play a significant role. For example, the presence of
only a2 small amount of water has been found to inhibit stress~corrosion

cracking of titanium alloys in red fuming nitric acid. In addition, dry
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chlorine rapidly attacks titanium, while wet chlorine gas (2% moisture)
attacks titanium only slightly, Similar effects of moisture have been
observed for other metal and alloy systems.

Further evidence that water vapor may be important is found
from a consideration of the environment existing in jet engines where no
hot -~salt cracking failures have been observed to date. In any case, the
normal composition of the air results in higher humidity content.

These observations appear to suggest strongly the possibility
of the existence of a critical moisture level (or relative humidity) where
cracking may occur rapidly. Above or below this level cracking may be re-

tarded or completely inhibited. The role of water warrants further research.

Role of Uydrogzen

The embrittling effect of hydrogen on most of our common materials
of construction, including titanium, is well documented. Although some
of the reactions previously discussed can result in the liberation of hy-
drogen, there is no evidence to suggest that cracking is directly related
to loss of ductility resulting from hydrogen pickup. However, it would
be interesting to analyze hot-salt cracked samples of titanium to deter-

mine if they are high in hydrogen after exposure.

Gaseous Versus Liquid Reaction Products

Two schools of thought exist as to the mechanism of the cracking.
One suggests that chlorine and/or hydrogen chloride gas is responsible for
the cracking and the other postulates attack by a low melting point salt
mixture based on sodium hydroxide, There is evidence to support both
theories but it would appear that the data favor the need fer a liquid
phase,

For example, if chlorine or HCl gases were involved, cracking
of non salt-coated specimens would be expected to occur if the specimens

were exposed in the vapor phase above hot sodium chloride or in the same

22




furnace containing salt-coated specimens. Cracking does not occur under
these conditions, however, and in fact it has been found that no cracking
does occur unless the salt is actually in contact with the specimens,
Furthermore, crack initiation appears to occur along the outer edge of
the salt coating, and if the crack propagates outside the salt cover it
stops until the salt again creeps to cover the cracked area,

Possibly the most important piece of evidence favoring the ne-
cessity for a liquid phase is the fact that no cracking has been observed
at temperatures of 500 F and below., Most of the possible salts and cor-
rosion products have melting points in excess of 500 F. Gases, however,
would be expected to be active at temperatures below 500 F, One further
bit of data favoring the liquid phase theory is the observation that lower
melting point salts are the most active, and sea salt, which contains a
number of elements, is more aggressive than the ASTM synthetic salt (3%
NaCl + 0.5% MgClz), which in turn causes more rapid cracking than pure
HaCl.

Electrochemical Aspects of the Problem

It is generally agreed that true cases of stress-corrosion
cracking involve an electrochemical step, at least in part. The elec-
trochemical approach to the hot-salt cracking of titanium has been
given some consideration. Information developed to date is not con-
clusive, but does suggest that further research in this area might be
fruitful, Certainly if it could be established that the mechanism of
cracking is electrochemical in nature it would be further evidence for

the presence of a liquid phase.

Stress

Either residual or applied tensile stresses are a necessary

prerequisite for stress-corrosion cracking. In general, the higher
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the stress levels the shorter the time to failure. For most systems

there is a critical stress level below which no cracking is initiated.

In the case of the hot-salt cracking of titanium this critical stress
level has not been established and the effect of plastic and elastic
deformation has not been defined. There is some indication that unless
there is a small amount of plastic deformation cracking may not occur,

It will be remembered that the occurrence of hot-salt cracking was first
observed during creep testing. In addition, titanium does not become
embrittled by liquid mercury unless it is subjected to plastic deformation
while in contact with the mercury. Simply stressing the titanium and then
immersing it in a bath of mercury will not cause fracture, It is also
felt that the effects of plastic versus elastic deformation should be
studied,

DISCUSSION AlD COHCLUSIONS

There seems to be a difference of opinion among the government
agencies and industrial companies who have a vital interest in the devel-
opment of the SST as to whether a Mach 2,5 supersonic transport or a
Mach 3,0 transport should be developed at this time, A titanium alloy
would be favored for either design, However, for the 2.5 design it would
not be necessary to be concerned with the hot-~salt cracking problem of a
titanium alloy, at least not so far as the fuselage in the leading wing
edges is concerned, There may be areas on the fuselage aft of the engines
where higher temperatures might be encountered as a result of the exhaust.
However, these areas could be provided for by an oxidation-resistant metal
not subject to salt deterioration. In any case, the problem of using a
titanium alloy for a Mach 3 supersonic transport must be faced some day,
if not nowse Also, the earlier the research problems are outlined the
better, since long-time effects need to be investigated in greater detail.

The well known TML Report No., 88, in which a group of industrial
organizations working on the hot-salt problems with titanium alloys pooled

their knowledge, still contains in essence the main facts known today
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about the problem, Although additional information is now available, the
fact remains that it has yet to be established that the hot-salt: problem
exists in service. Although considerable titanium is used in jet engines
at temperatures known to cause hot-salt cracking, no failures have been
reporteds While it is true that conditions in an engine may be much dif-
ferent from those in an airframe, it might be expected that at some time
conditions favoring cracking would be reached in engine service.

A plot of the results from various laboratories on the basis
of applied tensile stress versus temperature is shown in Figure 2.

The results for time versus stress in the temperature range 500 to 900 F
are presented in Figures 3 through 11 inclusive. It should be noted that
from the limited amount of data available failures are reported for ten-
sile loads as low as 25 ksi at 650 F, and 40 ksi at 600 F and 550 F, There
are no failures reported at 500 F and below,

If the time versus stress data for 550 F are examined, it will
be observed that failures have been recorded at around 100 hours at stresses
of the order of 50,000 psi. In another case failure was observed at less
than 1000 hours at 40,000 psi, At lower stresses longer times are required
to obtain failure or loss of properties., Raising the temperature usually
shortens the time to failure, However, it has not been proved conversely
that lowering the temperature to 500 C would cause titanium alloys to have
a life time greater than 30,000 or 40,000 hours.

Examination of the data that are available would suggest that at
500 F and below the hot-salt problem is not particularly serious. It may
be that service will later show that there are no failures at 500 F or
lesse In any case, a short-time failure would not be expected at this
temperature from the evidence that is at hand. For skin stresses in ten-
sion at 550 F or above, the hot-salt problem should be of concern for the
first supersonic transport, It may be desirable to use other metal for
trim at points of highest temperature.

Since the mechanism of corrosion is not clearly established,
it is rather difficult to predict what would happen in supersonic flight,
There is some indication that movement of air decreases the susceptibil-

ity to hot-salt cracking., If this can be further established, certainly
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exposed parts then would not be expected to fail by this mechanism,
However, in every aircraft structure there are crevices, lapped joiats,
and other structural configurations where salt can be trapped. Some

of these areas have relatively stagnant conditions and cracks may
originate in them. There is some evidence, however, that once the

crack spreads out of a salt-contaminated area, the crack will stop. The
crack-propagation susceptibility of the Ti-8A1-1Mo-1V alloy is being
established and there is strong indication that titanium is not corroded
in the vicinity of salt, but only when the alloy is in direct contact
with salt,

In spite of the previously discussed data and the excellent
service record of titanium, there 1s no sound method available at present
for predicting whether a supersonic transport operating for 30,000 to 40,000
hours would experience hot-salt cracking, On the other hand, it should be
remembered that many of the high-strength aluminum alloys, low alloy steels,
and stainless steels are very susceptible to stress-corrosion cracking in
marine environments even at ambient temperatures, In spite of this sus-
ceptibility, these alloys are extensively used in today's high-performance
aircraft, Heat treatments, protective coating, and surface treatments have
been developed through research, These minimize or completely eliminate
the chance of premature failures due to stress-corrosion cracking.

Even if titanium alloys are found to be susceptible to hot-salt
stress-corrosion cracking under operating conditions predicted for the SST,
there is every reason to believe that through research, practical protec-
tive schemes can be developed to the same extent that they have been for
other metals and alloys.

Until proved otherwise, titanium alloys should be considered

as prime materials for the supersonic transport.

AREAS AND RECOMIENDATIONS FOR FUTURE WORK

This survey of the state of the art has brought out the fact
that there is a scarcity of applicable data on the problem of the hot-
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salt stress-corrosion cracking of titanium, The impression is that much
of the work has been handicapped by programs too limited in scope and too
restricted in support. Future research should be of both a fundamental
and an applied nature., It should be coordinated through one central point
so that the results of each program can be efficiently utilized to obtain
in the shortest possible time answers to such questions as the following.

1, For a given alloy at a given temperature, what is the
maximum tensile stress than can be employed on a salt-
coated structural member for a life of 36,000 hours or
more?

2, What is the maximum temperature for a given alloy below
which no attack by hot salt is observed on tensile stressed
samples close to the yield point?

3. What type and extent of preventive treatments, either during
fabrication and construction, or during regular service
maintenance, will minimize or prevent the occurrence of

premature service failures.

lHechanism Studies
There is a prime need for a more extensive study of the mechan-
ism of the hot-salt cracking, With a better knowledge of the mechanism
of crack initiation and propagation, corrosion experiments simulating SST
conditions could be planned more intelligently. The mechanisms proposed
so far have been backed up by thermodynamic calculations, but there is
certainly no general agreement on the kinetics of the reaction, It would

seem that the most fruitful areas for basic research include:

1. Identification of the phases present in salt coatings after
cracking has occurred, and identification of any gaseous
phases given off as a result of heating titanium in the
presence of salt.

2« A study of the role of moisture in the initiation and

propagation of cracks.
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3¢ A study of plastic versus elastic deformation in initiating
cracking,

4e A study of the relationship of metallurgical factors such
as fine structure, previous fabrication history, and grain
size to cracking susceptibility. The use of transmission~
electron microscopy should prove to be a useful tool in
studying sub-grain structures in and around cracks.

5 Investigation of the nature of crack initiation from
the electrochemical aspect, A study of the effect of
applied potentials in promoting or inhibiting cracking,
as well as a study of potentials existing between grain
boundary phases and the body of grains would be expected
to help elucidate the cracking mechanism and suggest means
for preventing the attack.

6. It also would be of interest to determine whether or not
cracking can be initiated by other halide salts, such as
fluorides and bromides, In this connection the role of the
anion in time to initiation of cracks might also be inves-

tigated.

Applied Studies

In a more practical manner, many of the factors known to exist
in the environmment should be included in the laboratory tests. It is
suggested that the ASTM synthetic sea salt be used for all the laboratory
evaluations instead of either pure sodium chloride or sea salt and that
humidity be held at a constant level or at least recorded for each test,

Considerable expenditure has been involved in laboratory pro-
grams in which relatively short times of exposure were involved, such as
a few hundred hours. Extremely long time tests of the order of 10,000
hours are needed to study the interrelation between temperature, stress,
and salt, Also, there are a number of sites using temperatures consid-

erably higher than the 400 to 500 F range of major interest to the
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supersonic transport. At these higher temperatures in experimental
programs, the time to failure is much shorter and failures are often
observed in less than 100 hours,

In stress corrosion investigations time should be studied on
a logarithmic scale in relation to stress or temperature. For example,
if a sauwple with a particular combination of stress and temperature and
hot salt fails in 1000 hours, lowering the severity of the exposure by
decreasing either the stress or the temperature, or both, would only
be considered an improvement if the time were extended another order
of magniture, namely, to 10,000 hours,.

Many of the laboratory experiments with stressed samples only
report time to failure, From the standpoint of the supersonic transport
it is much more important to know (a) what time the first stress crack
may be expected to appear, and (b) once it appears, how fast it will
progress. The method employed at Langley Field recognized this problem.
It may be possible to develop a creep test specimen in which the damage
with time 1is followed continuously by the change in electrical resise
tanceor by the change in the sonic response. A review of the available
nondestructive measuring techniques for corrosion damage would be of
assistance in setting up a system to continuously record loss of load
carrying ability.

While stress, time, and temperature are all important, other
parameters should also be included in the long-range study. For example,
another factor is air velocity, Under Mach 3 conditions, the exposed
surfaces of a plane would have large areas exposed to the violent sweep-
ing of the air. This factor plus the flutter which occurs when the plane
goes from subsonic to supersonic speeds may knock the salt off the sur-
faces, Some consideration should be given to simulating these factors in
the laboratory.

In the higher atmosphere of around 75,000 feet the air becomes
rarified. However, what air there is contains a higher percentage of
ozone than is the case at ground level, Some studies should be made to
establish that ozone is not more effective than oxygen in initiating
cracking,

WIB/FWF :bew
July 1, 1964
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APPENDIX

List of Sites Visited and the Persons Contacted

Boeing Company, Transport
Division

P,0, Box 707

Renton, Washington

Crucible Steel Company

of America
Midland Research laboratories
iidland, Pennsylvania

Douglas Aircraft Company, Inc.
3855 Lakewood Boulevard
Long Beach 1, California

General Electric Company
Evendale
Cincinnati 15, Ohio

Langley Research Center
Langley Station
Hampton, Virginia

Materials Research Laboratory, Inc.
22333 Governors Highway
Richton Park, Illinois

NASA Special Committee on
Materials Research for
Supersonic Transports

Room 8215, 1520 H Street

Washington, D, C,

NASA, Federal Office Bldg., 10B
600 Independence Ave., S.W,
Room 5284

Washington 25, D. C.

North American Aviation
International Airport
Los Angeles, California
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David R, Donaldson,
Paul Sandoz,
Harold Anderson,
Robert A, Davis
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Paul Denke
Charles H, Avery
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George J, Wile
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David N, Braski
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E. J. Ripling
Re L. Kirchner

Ge Co Deutsch

Richard H. Raring

Harry Boertzel
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Ee LaRocca
Garry Keller
George Martin
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Pratt and Whitney Aircraft
East Hartford, Connecticut

Titanium Metals Corporation
of America

233 Broadway

New York, New York 10007

Titanium Metals Corporation
of America
Henderson Technical Laboratories
P. O, Box 2128
Henderson, Nevada
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